Reducing the glycaemic response to carbohydrate-containing foods may have desirable physiological effects for many people. Here, we aimed to determine the minimum amount of oat β-glucan from oatbran which, when added to instant-oatmeal, would reduce the glycaemic response by 20% compared to a β-glucan-free cereal. Therefore, the glycaemic responses elicited by one serving (27 g) instant-oatmeal plus 247 g 2% milk (IO, 28 g available-carbohydrate, 1.2 g β-glucan) or IO plus 0.2, 0.4, 0.8 or 1.6 g oat β-glucan (OBG) from oat-bran, or an available-carbohydrate matched portion of cream of rice (CR) plus milk were measured over 2 h in n = 40 subjects using a randomized, cross-over design. The primary endpoint was incremental area under the curve (iAUC). The secondary endpoint was glucose peak-rise. The results showed that grams OBG consumed were significantly correlated with mean iAUC ( p = 0.009) and with mean glucose peak-rise ( p = 0.002). Each gram of OBG reduced iAUC by 7% and peak-rise by 15%.
Introduction
Reducing the glycaemic impact of high carbohydrate meals may have desirable physiological effects for many people. Oatmeal elicits a lower glycaemic response than most other types of ready-to-eat and cooked breakfast cereals when comparing equivalent amounts of available carbohydrate. [1] [2] [3] [4] [5] Food factors which may influence the glycaemic impact of oatmeal include the presence of viscous soluble fibre and the effects of food processing.
Oat β-glucan is a highly viscous mixed-linkage β-glucan 6 thought to play a key role in reducing postprandial glycaemic and insulinaemic responses 7, 8 by increasing the viscosity of the contents of the upper gut, 7, 8 which, in turn, slows gastric emptying, may reduce the rate of starch digestion and increase the thickness of the so-called unstirred water layer in the small intestine, thus delaying the absorption of carbohydrates. 9 Most, 7,10-22 but not all [23] [24] [25] studies have demonstrated that the addition of high molecular-weight oat β-glucan to test-meals reduces glycaemic responses in human subjects. Thus, the addition of a small amount of oat β-glucan to instant oatmeal may further reduce its glycaemic impact. The objective of this study was to determine the minimum amount of oat β-glucan which needs to be added to a 27 g serving of instant oatmeal (which already contains 1.2 g β-glucan) in order to elicit a 20% lower incremental area under the blood glucose response curve (iAUC) compared to a β-glucan-free control cereal. We previously showed that consuming 13.6 g of oat bran containing 2.6 g of oat β-glucan mixed into water just before consuming 110 g white bread (50 g available carbohydrate) reduced glucose iAUC by about 
10%
. 26 This dose of oat β-glucan is equivalent to adding 1.5 g to a 27 g serving of instant oats plus 247 g 2% milk (a total of 28 g of available carbohydrate). However, since 27 g instant oats already contains 1.2 g oat β-glucan and since soluble viscous fibres more effectively reduced glycaemic response when mixed into a food than when taken before eating, 27, 28 we hypothesized that adding as little as 0.4 g of oat β-glucan to a serving of instant oats would elicit a glucose iAUC at least 20% less than that elicited by a β-glucan-free control cereal.
Materials and methods

Subjects and study design
Male and non-pregnant, non-lactating females with fasting whole blood glucose <6.3 mmol L −1 (corresponding to plasma glucose <7.0 mmol L −1 ), aged 18-75 years and with body mass index (BMI) between 20.0 and 34.9 kg m −2 were eligible to participate. They were recruited from the pool of subjects at who had previously participated in studies at GI Labs and had given permission to be contacted to be recruited for future studies. The study was performed according to Good Clinical Practice and the Declaration of Helsinki. Ethical approval was obtained from the Western Institutional Review Board and the study was registered as a clinical trial with clinical trials.gov (registration number NCT02818452). Written informed consent was obtained from all participants. Each participant underwent 6 treatments on separate days using a randomized, cross-over design. On each test day, subjects came to the laboratory in the morning after a 10-14 hours overnight fast. Two fasting blood samples (t = −5 min and t = 0 min) were obtained by finger-prick. After the second fasting blood sample (t = 0 min), a test-meal was consumed. Further blood samples were obtained at 15, 30, 45, 60, 90 and 120 minutes after starting to eat. Participants remained seated quietly during the 2 hours of the test, and, after the last blood sample had been obtained, were offered a snack and then permitted to leave.
The test-meals consisted of a β-glucan free cereal, cream of rice cereal (B&G Foods, Inc., Parsippany, NJ) (CR), instant oatmeal containing 1.2 g oat β-glucan (Quaker Oats, Cedar Rapids, IA) alone (IO), or IO plus 0.2, 0.4, 0.8 or 1.6 g of additional oat β-glucan from an oat bran (OatWell®, DSM Nutritional Products, AG, Basel, Switzerland). The composition of each test-meal is shown in Table 1 .
Test-meals were provided in single serve sachets labelled with a code and were prepared by emptying a sachet into a microwave-safe bowl, stirring in 200 ml cold tap-water and heating in a microwave oven on high for 2 min. Cereals were then stirred, allowed to sit for 1 min and served with 240 ml cold 2% milk as a beverage.
Randomization and blinding
The 6 treatments were arranged in 6 orders such that each treatment was first, second, third, fourth, fifth and sixth only once. These six orders were grouped into blocks of 6 or 12 and the order of each block randomized using the RAND() function on an excel spreadsheet by a person not involved in scheduling subject visits. A total of 48 such orders were created and assigned to subjects in the order they attended for the first visit after being recruited.
The test-meals were provided in opaque sachets labeled with codes, which were kept by PepsiCo, Inc. However, the comparator cereal (CR) had a different appearance than the oat cereals. Therefore, the study was considered to be singleblind with respect to the comparisons between the comparator and oatmeal cereals (the individuals measuring the glucose responses and cleaning the database were unaware of the treatment assignments); but double-blind with respect to the doses of oat bran, since all the oatmeal test-meals had a similar appearance. After the database had been cleaned by a blinded individual, a copy of the locked database was sent to PepsiCo; and then the codes were broken.
Biochemical analysis
Blood samples (2-3 drops each) were collected into 5 mL tubes containing ∼500 μg sodium fluoride and 400 μg potassium oxalate. The samples were mixed and refrigerated immediately during the testing session. After completion of the test session, samples were stored at −20°C prior to glucose analysis. Blood glucose analysis, using an automatic glucose analyzer (Model 2300, Yellow Springs Instruments, OH), took place within five days of collection. In the 218 fasting samples for which duplicates could be measured, mean ± SD glucose was 4.37 ± 0.0505 mmol L −1 yielding an analytical coefficient of variation of 1.2%.
Viscosity analysis
The preparation procedure for the test meal was adapted to the Rapid Visco Analyser (RVA 4500, Perten Instruments, Hägersten, Sweden) equipped with Thermocline for window TCW3 software. 29 Dry test meal samples were reduced in particle size by milling in a lab mill (IKA Works Inc., Willmington, DE) and sieving though a 630 nm sieve; X/8 g of each milled sample (X = the total weight of sample given in Table 1 ) was added to 25 ml deionized water in the RVA container; after the stirring paddle was placed into the container and mounted onto the RVA, the cycle was started. The protocol was based on the recommendation of testing oat quality 30 with the temperature being raised by 16.6°C min −1 to 80°C, followed by a 1 min lag-time for equilibration, cooling by 5°C min −1 to 25°C and 2 min equilibration time at 25°C with constant stirrer speed of 100 rpm (total cycle time 18 min, read-out final mPa s). All samples were measured in triplicate.
Calculations
Data were entered into a spreadsheet by 2 different individuals and the values compared to assure accurate transcription.
Incremental areas under the blood glucose response curve (iAUC), ignoring area below fasting, were calculated using the trapezoid rule. 31, 32 Peak-rise was defined as the maximum glucose concentration during the 2-hour test minus the fasting concentration. Fasting glucose was taken to be the mean of the concentrations in the 2 fasting samples. Glucose was measured in the 0 min fasting sample 2 times and the data used to determine the SD of the analytical variation as follows:
Statistical analysis
Glucose iAUC and peak-rise were analysed using repeatedmeasures analysis of variance (RMANOVA) examining for the main effect of test-meal. Blood glucose concentrations and increments were analyzed using RMANOVA examining the main effects of time and test-meal and the time × test-meal interaction. After demonstrating significant time × test-meal interactions for glucose concentrations (F (35,1365) = 10.81, p = 3.0 × 10 −51 ) and increments (F (30,1170) = 11.40, p = 5.5 × 10 −47 ), indicating that the effect of test-meal varied by time, the glucose concentrations and increments at each time point were analyzed using RMANOVA examining for the main effect of test-meal. After demonstration of significant heterogeneity, the individual means were compared to the control (CR) using Dunnett's test to adjust for multiple comparisons (GraphPad Prism, GraphPad Software, La Jolla, CA). Results for meal viscosity were analyzed similarly except that individual means were compared to each other using Tukey's test to adjust for multiple comparisons. The criterion for statistical significance was a 2-tailed p < 0.05. Pearson's correlation coefficients were calculated using the method of least squares (GraphPad Prism).
Power analysis
From a previous study 33 
Results
Test-meal viscosity
The viscosity of IO was significantly greater than that of CR, and viscosity increased exponentially as the amount of OBG in the test meal increased (r 2 = 0.994, ESI Fig. 1 †) . The viscosity of each test-meal was significantly different from that of every other test meal (Table 2) .
Subjects
We recruited 41 subjects; one dropped-out for personal reasons after completing 1 test and 40 (22 males, 18 females), 
Glycaemic responses
There was significant heterogeneity among treatments for the primary endpoint, iAUC, (F (5,195) = 2.51, p = 0.032) with iAUC after IO + 1.6 being significantly less than that after CR ( Table 2 , Fig. 1 inset) . There was a significant correlation between iAUC and grams β-glucan in the test-meal (r = −0.920, p = 0.009) and between iAUC and log(viscosity) (r = −0.918, p = 0.010) (Fig. 2) . Relative to the iAUC after CR, each gram of oat β-glucan in the test-meal reduced iAUC by 7.0%. Thus, the addition of 1.6 g oat β-glucan was required to obtain a 20% reduction in iAUC.
There was no significant difference in fasting glucose among the 6 treatments. Incremental blood glucose responses are shown in Fig. 1 . There was significant heterogeneity of mean blood glucose increments among treatments at 15 (F (5, 195 There was significant heterogeneity among treatments for peak-rise (F (5,195) = 28.81, p = 7.9 × 10 −22 ) with peak-rise after CR being significantly greater than that after every other test 
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This journal is © The meal (Table 2 ). There was a significant correlation between peak-rise and grams β-glucan in the test-meal (r = −0.962, n = 6, p = 0.002) and between peak-rise and log(viscosity) (r = −0.931, p = 0.007) (Fig. 2) . Relative to CR, each gram of oat β-glucan in the test-meal reduced peak-rise by 15%, thus, the addition of 0.4 g oat β-glucan to IO resulted in a 20% reduction in peak-rise.
Discussion
The results show that adding graded amounts of oat β-glucan from oat bran to instant oats resulted in dose-dependent reductions in both glucose iAUC and peak-rise. Mean iAUC after IO plus 1.6 g oat β-glucan (IO + 1.6) was 20% less than that after CR ( p = 0.03); although mean glucose iAUC after IO + 0.2, IO + 0.4 and IO + 0.8 were 6 to 13% less than that after CR, none of the differences was statistically significant. However, every oat containing test meal elicited a significantly lower peak-rise than CR, with the percentage reductions ranging from 11% after IO alone to 41% after IO + 1.6. Our results are novel in demonstrating a significant doseresponse effect of low amounts of oat β-glucan on glycaemic response. According to the scientific opinion of the European Food Safety Authority (EFSA), 4 g of oat β-glucan per 30 g of available carbohydrates (i.e. 0.133 g OBG per g avCHO) is required to obtain a reliable effect on glycaemic response; 34 thus, amounts <0.133 g OBG per g avCHO would be considered to be too low. Upon reviewing the literature, we found 17 studies 7,10-25 reporting a total of 29 comparisons of the effect of high molecular weight oat β-glucan (OBG) on glucose iAUC (or providing data from which to calculate iAUC). Glycaemic response was reduced in all 7 of the comparisons using high amounts of oat β-glucan (≥0.133 g OBG per g avCHO), and amongst these 7 there was a significant doseresponse with each 0.1 g OBG per g avCHO reducing glucose AUC by 22% (Fig. 3) . However, in 8 (35%) of the 22 comparisons testing a low amount of oat β-glucan (i.e. <0.133 g OBG per g avCHO) there was no effect on glycaemic response and, in all 22 comparisons, no trend for a dose-response effect (Fig. 3) .
In the present study we tested low amounts of oat β-glucan (0.04 to 0.1 gOBG per g avCHO) and found a significant dose-response effect on glucose iAUC with each 0.1 gOBG per g avCHO reducing iAUC by 20%, an effect equivalent to that seen in the 7 studies using higher amounts of oat β-glucan. iAUC was chosen as the primary endpoint because it is generally considered to be a valid and reliable way to express glycaemic responses. A 20% reduction in glucose iAUC has been suggested by Health Canada to be the minimum reduction required to support a claim related to a reduced glycaemic response. 35 Thus, we were interested to know how much, if any, oat β-glucan would have to be added to IO to result in a ≥20% reduction in glucose iAUC compared to an avCHO matched portion of CR; the present results show that at least 1.6 g oat β-glucan is needed to achieve this target (Fig. 2) .
EFSA 34 does not define a minimum % reduction in glucose iAUC and, therefore, it could be argued that a consistent 10% reduction in postprandial glycaemic response may be physiologically relevant. The present results suggest that the addition of 0.3 g of oat β-glucan to IO would have such an effect, however, post-hoc power analysis suggests that over 300 subjects would be needed to have 80% power to detect a significant 10% reduction in glucose iAUC. In contrast to the few significant differences and relatively small effect sizes for glucose iAUC we observed, the average effect-size for glucose peak-rise was nearly twice that for iAUC (on a percentage basis) and the reduction in peak-rise which could be detected with statistical significance was about half that for iAUC (Fig. 2) . This is in contrast to the typical situation in which % reductions in peak rise are similar to the % reductions in iAUC 36, 37 or glycemic index. 38 The smaller relative effect size of oat β-glucan on iAUC compared to its effect on peak-rise as seen here is consistent with the results of other studies of oat β-glucan. 20 We hypothesize this effect is due to an ability of viscous fibre to reduce the rate and prolong the time of carbohydrate absorption from the small intestine 9 resulting in a reduced peak of blood glucose and a delayed return to baseline. In normal subjects, the slower return to baseline after oat β-glucan-enriched test meals leads to a higher iAUC during the period from 1-2 h after eating which partly offsets the reduction in iAUC seen from 0-1 h. This effect can result in a total iAUC value (0-2 h) that is similar to that of the control meal despite having a very different glucose profile, suggesting a potential limitation of focusing on iAUC as the only criterion used to evaluate postprandial glycaemic responses. Flattening the glucose response by reducing peak-rise reduces postprandial glucose fluctuations, which, in turn, may reduce oxidative stress and inflammation even in the absence of a significant reduction in iAUC. For example, exposing cultured endothelial cells to oscillating glucose concentrations elicits greater apoptosis 39 and metabolic memory 40 than does exposing them to a constant high glucose concentration. In patients with type 2 diabetes, a high magnitude of glucose fluctuations was associated with increased oxidative stress independently of overall glycaemic control as assessed by HbA1c. 41, 42 Furthermore, in lean subjects without diabetes it has been demonstrated that test-meals eliciting flatter glycaemic responses were associated with reduced postprandial NFκB activation in white blood cells. 43 Finally, Esposito et al.
44
showed in 644 outpatients with type 2 diabetes that incremental glucose peaks correlated significantly with centralized carotid intima-media thickness, a consolidated surrogate marker of atherosclerosis. The clinical importance of reducing postprandial glucose oscillations, however, warrants further documentation. We measured final viscosity of the test meal and found that increasing doses of oat β-glucan significantly increased test meal viscosity. We also found a significant positive correlation between viscosity and effects on glycaemic responses (both for iAUC and peak-rise) suggesting that increases in viscosity and a slowing of gastric emptying are the underlying mechanisms of the observed effects. Indeed, the rate of gastric emptying affects primarily the peak glucose response and oat β-glucan has been shown to have potent effect on slowing gastric emptying. 45, 46 However, we did not measure gastric emptying, which represent a weakness of the study. The strengths of this study include the larger number of doses of oat β-glucan tested than most other studies, and the large number of subjects that provided the statistical power required to detect small differences in iAUC and peak-rise. In addition, because of the wide inclusion/exclusion criteria, the results apply to a large proportion of the population. There were equivalent numbers of subjects who were, respectively, male and female (n = 22 and 18), lean (BMI < 25) and overweight (BMI ≥ 25) and Caucasian and non-Caucasian (n = 18 and 22) and a reasonably large number of older (age > 40) versus younger (age ≤ 40) subjects. There was no significant difference in response for iAUC or peak rise based on sex, BMI or ethnicity and no effect of age on peak rise (ESI Fig. 2 and 3 †) . The only significant difference was that younger subjects had significantly lower iAUC than older subjects after the oatmeal test meals. However, this could have occurred by chance since these post-hoc tests were not corrected for multiple comparisons; with a 5% chance of success, the chance of 1 success in 8 tries (2 endpoints × 4 subject characteristics) is ∼28%.
Another weakness is that the commercial oat bran used as a source of oat β-glucan contains small amounts of protein, fat and available carbohydrate which could confound the results. The effects of oat protein and oat fat on glycemic responses are not known. However, adding up to 30 g soy protein and fat (corn oil) to 50 g glucose reduces glycemic responses in a linear fashion, with each gram of protein and fat, respectively, reducing blood glucose peak rise by 1.2% and 0.6% and iAUC by 1.3% and 0.5%. 47 On the other hand, available carbohydrate (avCHO) increases the glycemic responses in a nonlinear fashion with the effect of g grams avCHO on iAUC being proportional to (1 − e −0.0222 g ). 48 Adjusting for the effect of the protein and fat contained in the oat bran attenuates the reduction in iAUC relative to Instant Oats alone by a small amount, but this is effect is almost entirely counteracted by the effect of the additional carbohydrate (ESI Fig. 4 †) . The dose-response effect of carbohydrate on peak rise is unknown, but the effect of the protein and fat in oat bran is estimated to have had a negligible effect on peak rise (ESI Fig. 4 †) .
The lack of insulin measurement is another weakness. However, our aim was not to investigate the mechanism by which oat β-glucan reduces glycemic responses, but rather to establish the minimum amount required for efficacy. Most studies show that adding oat β-glucan to test-meals reduces postprandial insulin, even in the absence of a reduction in glucose. 25 It seems unlikely, therefore, that the reduced glucose responses we observed were due to increased postprandial insulin concentrations.
Conclusions
It is concluded that adding oat β-glucan to IO reduces postprandial glycaemic responses in a dose-dependent fashion. Depending on what is considered the critical parameter (iAUC or peak-rise) and what is considered a physiologically relevant reduction, different amounts of OBG need to be added to achieve the target. For example to achieve a 20% reduction in iAUC relative to the comparator cereal, CR, 1.6 g of OBG needs to be added to a serving of IO, in contrast, the results suggest that adding only 0.4 g OBG reduces the glucose peak-rise by 20%.
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